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ABSTRACT 
Nonequilibrium molecular dynamics simulation (NEMD) was used to compute the viscosity of a pure polyol ester, 
−1 to 1010pentaerythritol tetrahexanoate (PEC6), for a broad range of strain rate (107 s s−1), temperature (258 K to 
373 K), and pressure (0.1 MPa to 1 GPa).  The Newtonian viscosity was obtained by fitting the viscosities at different 
strain rates to the Eyring model. The predicted Newtonian viscosities agree well with the experimental data with 
respect to temperature and pressure. The molecular dynamics simulation is pure prediction because it requires only 
the chemical structure as the input. Therefore, molecular dynamics can be especially useful in simulating those 
hypothetical molecules and those experimentally inaccessible conditions, which can reduce the cost and time of 
experimentation and facilitate the development of high-performance lubricants. 
1. INTRODUCTION 
Viscosity is one of the most important properties of a lubricant, because it is inherently linked to the lubricant 
hydrodynamics and has a profound impact on compressor performance and reliability (Xu & Hrnjak, 2017). A 
decrease in viscosity will cause thinning of the lubricant film and may cause equipment failure if the viscosity is too 
low, while an excessively large viscosity can lead to increased motor loading and higher power consumption (Michels 
& Sienel, 2003). These characteristics are key considerations when choosing the viscosity grade of a lubricant. At 
present, the research on refrigeration lubricants relies heavily upon experimental measurement and correlation. 
Unfortunately, the data are very limited, especially for extreme conditions where measurements are difficult to 
perform. On the other hand, the advance of alternative low-GWP refrigerants necessitates the co-development of 
lubricants. For these reasons, quantitative approaches are needed that can be used to predict lubricant properties, like 
viscosity, from knowledge of only the chemical structure. Equipped with such techniques, scientists could sift through 
a tremendous number of potential lubricant structures in a much more rational manner, thereby more readily 
discovering compounds with desired properties for a given application. 
In recent years, molecular dynamics (MD) simulation has been used to compliment experimentation and to study 
thermodynamic and transport properties. For example, nonequilibrium molecular dynamics (NEMD) simulations 
have been used to compute lubricant viscosities. In NEMD, an external field (perturbation) is applied to the equations 
of motion and the response of the system at non-equilibrium steady state is sampled to obtain the viscosity. Most of 
the studied lubricants are hydrocarbon based, such as n-hexadecane (Ewen et al., 2016), 1-Decene trimer (Liu et al., 
2015), poly-α-olefin (PAO) (Kioupis & Maginn, 1999), and 9-octylheptadecane (McCabe et al., 2001); whereas 
refrigeration lubricants like polyol ester (POE) are rarely found in the literature. This is unfortunate given that POE 
is one of the most widely used refrigeration lubricants (Bruno et al., 2019). A POE molecule features one or more 
ester groups as well as long and branched molecular architecture, which is more complex than the structure of 
hydrocarbons and makes the NEMD simulation more challenging. 
In this study, nonequilibrium molecular dynamics (NEMD) simulation was used to to compute the viscosity of a 
typical, pure polyol ester, pentaerythritol tetrahexanoate (PEC6, C29H52O8, see Figure 1) for temperatures from 258 K 
to 373 K and pressures from 0.1 MPa to 1 GPa. The prediction was compared with the experimental data in the 
literature. 
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Figure 1. Chemical structure of pentaerythritol tetrahexanoate (PEC6) 
2. METHOD 
Fundamentally, molecular dynamics (MD) is the simulation of the time evolution of the atomistic positions (i.e., 
trajectory) of a molecular system. This is done by integrating the Newton’s equations of motion for every atom in the 
system: 
𝑑2
𝑚𝑖 𝐫𝑖 = 𝐅𝑖 (1)𝑑𝑡2
where 𝑚𝑖, 𝐫𝑖, and 𝐅𝑖 are mass, position and force of the 𝑖-th atom, respectively. The force term is calculated from the 
potential energy 𝑈pe(𝐫1, 𝐫2, … , 𝐫𝑁): 
𝜕
𝐅𝑖 = − 𝑈pe(𝐫1, 𝐫2, … , 𝐫𝑁) (2)𝜕𝐫𝑖
A force field is used here to determine the potential energy 𝑈pe. With the trajectory generated by the MD simulation, 
properties like density and viscosity can be derived. 
2.1 Force field 
The force field is basically a set of functions and parameters that are used to model the interactions in the molecular 
system. The total potential energy of a molecular system can be expressed by the sum of the molecular energy 
components: 
𝑈pe = 𝑈elec + 𝑈vdw + 𝑈bond + 𝑈angle + 𝑈torsion + 𝑈improper (3)
where 𝑈elec and 𝑈vdw represent non-bonded interactions of electrostatic interaction and van der Waals interaction, 
respectively; 𝑈bond, 𝑈angle, 𝑈torsion, 𝑈improper represent bonded interactions corresponding to contributions of bond 
stretching, angle bending, internal rotation around the dihedral angle (torsion), and out-of-plane bending (improper 
torsion), respectively. 
The all-atom force field LOPLS (Pluhackova et al., 2015; Siu et al., 2012) was used because it was optimized for 
esters and long hydrocarbons. The energy potential functions used by LOPLS are: 
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𝑈vdw = 4𝜀𝑖𝑗 [( ) − ( ) ]𝑟𝑖𝑗 𝑟𝑖𝑗
2 (4)𝑈bond = 𝐾𝑟(𝑟 − 𝑟0) 
2𝑈angle = 𝐾𝜃(𝜃 − 𝜃0 ) 
𝑉1 𝑉2 𝑉3
𝑈torsion = [1 + cos(𝜙)] + [1 − cos(2𝜙)] + [1 + cos(3𝜙)] 2 2 2
2
{ 𝑈improper = 𝐾𝜒(𝜒 − 𝜒0) 
where 𝑟, 𝜃, 𝜙, and 𝜒 are bond length, bond angle, proper dihedral angle, and improper dihedral angle, respectively;  
𝐾𝑟 , 𝑟0, 𝐾𝜃 , 𝜃0, 𝑉1, 𝑉2, 𝑉3, 𝐾𝜒, 𝜒0, 𝜀𝑖𝑗, 𝜎𝑖𝑗 are force field parameters; 𝑞 is partial charge. The LOPLS parameters can 
be found in Pluhackova et al. (2015) and Siu et al. (2012). 
2.2 Viscosity calculation 
In NEMD simulations, a planar Couette flow was set up by continuously deforming the simulation box with a constant 
strain rate using the SLLOD equations of motion (Evans & Morriss, 2008). The volume and temperature were 
maintained constant with the Nose/Hover thermostat (Hoover, 1985). The shear viscosity (i.e., shear-dependent 
viscosity) was calculated from the stress tensor: 
⟨𝑃𝑥𝑦⟩
𝜂(?̇?) = − (5)
?̇?
where 𝜂(?̇?) is the shear viscosity, 𝑃𝑥𝑦 is the 𝑥𝑦 component of the stress tensor, ?̇? is the shear rate: ?̇? = 𝜕𝑢𝑥⁄𝜕𝑦 (i.e., 
the gradient of the streaming velocity at flow direction, 𝑢𝑥, along the 𝑦 axis). 
The stress tensor 𝐏 is given by the virial theorem: 
𝐩𝑖𝐩𝑖
𝐏𝑉 =∑ +∑𝐫𝑖𝐅𝑖 (6)𝑚𝑖
𝑖 𝑖
where 𝐩𝑖 is the momentum, 𝑚𝑖 is the mass, 𝐫𝑖 is the position vector, and 𝐅𝑖 is the force acting on the 𝑖th atom. 
In typical NEMD simulations, the shear rate generally should be higher than 108 s-1 to overcome the thermal noise 
(Cui et al., 1998; Lu et al., 2019). At such high shear rates, the lubricant may transition to the non-Newtonian regime, 
where the viscosity becomes a function of shear rate, while in experiments the viscosity is measured in the Newtonian 
regime, where the viscosity is independent of shear rate. To obtain the Newtonian viscosity that corresponds to 
experiment, NEMD simulations were performed at varying shear rates to calculate the shear viscosities and to 
extrapolate to the Newtonian (zero-shear) viscosity. The shear viscosities were fit to the Eyring model (Ewell & 
Eyring, 1937; Eyring, 1936): 
𝜎E 〈𝑃𝑥𝑦〉
?̇? = sinh ( ) (7)
𝜂N 𝜎E
where 𝜎E and 𝜂N are the Eyring stress and the Newtonian viscosity, respectively. Combining Equations (5) and (7), 
an explicit form of 𝜂 can be written as: 
𝜎E 𝜂N 𝜂N 2
𝜂 = ln( ?̇? + √( ?̇?) + 1) (8)
?̇? 𝜎E 𝜎E
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The Newtonian viscosity, 𝜂N, can be solved for from the Eyring fit (equation (8)) once the 𝜂 data have been determined 
by NEMD simulations. 
2.3 Simulation details 
MD simulations were performed using the LAMMPS package (Plimpton, 1995) for temperature from 258 K to 373 K 
and pressure from 0.1 MPa to 1 GPa. LAMMPS data files that contain the information of molecular topology, force 
field parameters, etc., were prepared using Moltemplate (Jewett, 2019). Force field parameters were manually 
checked to ensure that the values are in accordance with those in the literature of origin. The simulations were 
conducted in cubic boxes with periodic boundary conditions in all directions. The standard velocity-Verlet algorithm 
(Verlet, 1967) was used to integrate the equations of motion with a timestep of 0.5 fs. A total of 125 molecules (125 
× 89 atoms) were used in all simulations. The Nosé−Hoover thermostat (Hoover, 1985) and the extended Lagrangian 
approach (Shinoda et al., 2004) were applied to control the temperature and the pressure, respectively, unless otherwise 
stated. The thermostat and barostat time constants were 50 fs and 500 fs, respectively. The Lennard-Jones interactions 
were truncated at 1.2 nm and long-range tail corrections were applied for the energy and pressure calculation. The 
electrostatic interactions were calculated using the particle−particle particle−mesh (PPPM) method (Hockney & 
Eastwood, 1988) with a real space cutoff of 1.2 nm and a precision of 10-4 beyond the cutoff distance. 
The equilibration of the system was started with a conjugate gradient energy minimization (Polak & Ribiere, 1969) 
for the initial configuration. Then a “simulated annealing process” (Kirkpatrick et al., 1983) was performed to avoid 
the trapping of the molecular structure in conformations that represent local minima. In the annealing process, the 
system was first heated to 490 K at p = 0.1 MPa and then slowly cooled (with a rate of 15 K/ns) to each target 
temperature at constant volume (NVT).  When a target temperature was reached, another 10 ns NVT run was carried 
out to fully relax the system. Then the system was simulated with a barostat (NPT) at the chosen p to find the 
appropriate density for 25 ns in which the averaged density was calculated over the last 5 ns. Longer equilibration 
times were used for elevated pressures. In the course of the equilibration, properties like temperature and pressure, as 
well as kinetic and potential energy, were monitored to ensure they reached steady state. The final configuration from 
the NPT equilibration run was resized to match the averaged density, followed by another NVT run for 20 ns. The 
resulting configuration served as the initial configuration for later NEMD simulations for the viscosity calculation. 
In NEMD simulation, the system was sheared at fixed density and shear rate ?̇? using the SLLOD equations of motion 
(Evans & Morriss, 2008). The stress tensor and other relevant state variables were monitored to determine if and when 
the steady state was reached. These variables were averaged and output every 106 time steps (i.e., 50 ps). The steady 
−1  states were reached in a time of approximately ?̇?  for all studied state points. After reaching steady state, the 
simulation was run for another 25 ns (40 ns for p > 500 MPa) and the shear stress was averaged over the last 20 ns 
(30 ns for p > 500 MPa) to obtain ⟨𝑃𝑥𝑦⟩ and compute the shear viscosity 𝜂(?̇?) using Eq. (5). Block averaging and 
autocorrelation analysis (Grossfield et al., 2019) were performed for each production trajectory to assess the sampling 
quality and to calculate the uncertainty. Longer production length gave equivalent results on the scale of the symbol 
size in our plots. The procedure was repeated for various ?̇? to obtain a spectrum of 𝜂(?̇?) that covers Newtonian and 
non-Newtonian regimes. The range of ?̇? varies with the temperature due to the shift of 𝛾ċ. The simulated ?̇? extends 
from 107 s-1 to 1010 s-1, and no heating or other nonequilibrium effects were observed in this range. The obtained 𝜂(?̇?)  
as a function of ?̇? was then fit to the Eyring model to calculate 𝜂N. The regression was performed with weights 𝜔𝑖 =  
1⁄𝑢𝑖
2 (𝑢𝑖 is the expanded uncertainty of 𝜂(?̇?𝑖))) using the Levenberg-Marquardt algorithm (Press et al., 1988). The 
weights were used to cancel out different degrees of noise at different ?̇? and to propagate the uncertainty of 𝜂(?̇?) to 
𝜂N. 
The code and data files for the simulations are publicly available at: https://github.com/LL8848/viscosity_nemd. 
3. RESULTS 
Figure 2 shows the shear viscosities computed from NEMD simulations as a function of shear rate (?̇?) for different 
temperatures (258 K to 373 K, 0.1 MPa). The error bars to either side of the symbols represent the degree to which 
the viscosity fluctuates in the course of NEMD simulations. The fluctuation of viscosity is mainly caused by the 
thermal motion of molecules, or “thermal noise”. The atomistic positions continuously fluctuate as a result of thermal 
motion, leading to the fluctuation of the system’s momenta and total potential energy, which both contribute to the 
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Dash lines: Fits to VFT model
(Lin and Kedzierski 2020)
Figure 2. Shear dependence of viscosity for Figure 3. Temperature dependence of 
different temperatures. Newtonian viscosity. 
stress tensor P, and consequently cause the viscosity to fluctuate (𝜂 = 𝑃𝑥𝑦/ ?̇?). As shown in Fig. 2, the fluctuation of 
viscosity intensifies as the shear rate decreases. This is because the shear stress decreases with decreasing shear rate 
while the thermal noise remains unchanged, resulting in a decrease of signal-to-noise ratio. At low shear rates, where 
the fluctuations are significant, the response of the lubricant molecules to the shear perturbation is relatively weak 
compared to the thermal motion. Note that the thermal motion is temperature dependent, thus the errors are relatively 
larger at higher temperatures for the same shear rate. 
As shown in Fig. 2, the viscosity of PEC6 plateaus at low shear rate (i.e., Newtonian regime) and decreases with 
increasing shear rate at high shear rate (i.e., shear thinning). The critical shear rate ?̇? at which the lubricant transitions c  
from Newtonian regime to shear-thinning is higher at higher temperature. The increased ?̇? with increasing c  
temperature can be explained by the mechanism of shear induced molecular alignment (Cui et al., 1998; Daivis & 
Evans, 1994). Under low shear rates, the shear imposed on molecules can be balanced out by the molecular relaxation. 
When the shear rate exceeds a critical value, which is approximately the inverse of the longest relaxation time, 
molecules cannot respond fast enough to the shear deformation as caused by the flow field, and consequently tend to 
align with the flow field to relieve the stress. The molecular alignment leads to a reduced viscosity of the lubricant, 
i.e., shear shinning. At higher temperature, the molecules move and rotate more quickly, resulting in a shorter 
relaxation time and therefore a higher 𝛾ċ. 
The solid lines in Fig. 2 are the best-fit regressions of the NEMD-computed shear viscosities 𝜂(?̇?) to the Eyring model 
(Eq. 8). It can be seen that the shear viscosities are well fit by the Eyring model for the range of simulated shear rates. 
The extrapolation of a fit to low shear rates equals to the Newtonian viscosity. Figure 3 shows the Newtonian viscosity 
𝜂N as a function of temperature obtained from Eyring fits. The dash lines in Fig. 3 are the best-fit regressions of 𝜂N  
to the VFT model: 
𝐵  
log 𝜂N = 𝐴 +  (9)𝑇 − 𝑇0  
The predicted 𝜂N are compared with the experimental data (Lin & Kedzierski, 2020). The deviation between the 
predicted 𝜂N and the measurement is between 3 % and 47 % for 258 K to 373 K. The relatively large deviation at low 
temperature is partly due to the increased uncertainties of 𝜂NEMD and 𝜂N with decreasing temperature. 
Figure 4 shows the computed shear viscosities for pressures up to 1 GPa with the temperature fixed at 373 K. The 
critical shear rate ?̇? (i.e., the onset of shear-thinning) decreases with increasing pressure. With the pressure increased c  
-1 -1from 0.1 MPa to 1 GPa, ?̇? increases from 4.5×109 s to 3.4×106 s as estimated by the Eyring fits. Figure 5 shows c  
the Newtonian viscosity 𝜂N as a function of pressure obtained from Eyring fits. The prediction is compared with the 
experimental data from Ref. (Bair, 2019b). The 𝜂N for lower pressures (≤ 100 MPa) match the experimental data very
well (within ± 10 %), whereas they start to diverge at 300 MPa.  However, the less-than-exponential rising trend of 
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Figure 5. Shear dependence of viscosity for 
different pressures. 
































T = 373 K
Dash lines: Fits to McEwen model
Figure 4. Pressure dependence of Newtonian 
viscosity. 
𝜂N with respect to pressure, as exhibited by the experimental data, is reproduced by the prediction. The data as well 
as the predictions are therefore fit to the McEwen model which is widely used to model less-than-exponential pressure-
–viscosity response (Bair, 2019a): 
𝛼0 𝑞
𝜂N = 𝜂0 (1 + 𝑝) (10)𝑞
where 𝜂0 = 4.3385, 𝛼0 = 0.0102 and 𝑞 = 5.8433 for the experimental data and 𝜂0 = 3.8225, 𝛼0 = 0.0124 and 
𝑞 = 7.4961 for the predictions. Note that the McEwen fit slightly diverges from the predicted 𝜂N at 1 GPa, indicating 
that there may be a transition of pressure–viscosity response from less-than-exponential to exponential at between 800 
MPa and 1000 MPa. 
4. DISCUSSION AND CONCLUSIONS 
The results demonstrated that the NEMD simulation with LOPLS force field adequately describes the rheology 
behavior of POE lubricant. The viscosity prediction is in satisfactory agreement with measurements for a broad range 
of temperature and pressure. The only input is the molecular topology (or chemical structure) of the lubricant. It is a 
pure prediction considering the facts: (i) PEC6 or similar POE molecules (i.e., pentaerythritol tetraesters) were not 
used for the parametrization of the LOPLS force field; (ii) the parameters of the LOPLS force field were optimized 
for density and heat of vaporization, without explicit consideration of transport properties. The results also confirmed 
the transferability of the LOPLS force field, meaning that it can be applied to predict other POE lubricants and perhaps 
other classes of lubricants. This will be especially useful for simulating hypothetical molecules that haven’t been
synthesized, which is of great significance in optimizing the performance of existing lubricants and guiding the design 
and synthesis of new lubricants. 
The deviation between the predicted viscosity and the measurement indicates that the prediction accuracy could be 
improved by further refining the force field parameters. Despite the deviation of absolute values, the NEMD 
simulation accurately captured the relative change in viscosity. In practice, trends in properties are as valuable as the 
quantitative accuracy in property predictions. This viscosity computation method can be used to study many other 
lubricant problems, such as the pressure–viscosity relation, the effect of molecular architecture on viscosity, etc. 
In addition to viscosity, MD can also be used to predict other lubricant properties, such as solubility and thermal 
conductivity. Physical insights at the atomistic and molecular level can also be obtained from the simulations. As 
such, we believe that MD is a powerful tool for the lubricant research and development. 
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NOMENCLATURE 
English symbols Greek symbols 
𝐅 force ?̇? shear rate 
𝑚 mass 𝜂 viscosity 
𝐏 stress tensor 𝜂N Newtonian viscosity 
p pressure 𝜃 bond angle 
𝐩 momentum 𝜌 density 
𝑞 partial charge 𝜎E Eyring stress 
𝐫 position 𝜙 proper dihedral angle 
𝑟 bond length 𝜒 improper dihedral angle 
𝑇 temperature 
𝑈 energy, uncertainty 
𝑢 error 
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